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Abstract

Strongly localized plasma structures with large pressure inhomogeneities (such as plasma blobs
in the scrape-off-layer (SOL)/shadow regions, pellet clouds, ELMs) observed in the tokamaks,
stellarators and linear plasma devices. Experimentd studies of these phenomena reved striking
similarities including more convective rather than diffusive radial plasma transport. We suggest
that rather smple models can describe many essentials of blobs, ELMs, and pellet clouds
dynamics. The main ingredient of these models is the effective plasma gravity caused by
magnetic curvature, centrifugal or friction forces effects. As a result, the equations governing
plasma transport in such localized structures appear to be rather similar to that used to describe
nonlinear evolution of thermal convection in the Boussinesq approximation (directly related to
the Rayleigh-Taylor instability).

Keywords: pressure perturbation, pellet cloud, ELM, blob, convective transport, Rayleigh-
Taylor instability

1. Introduction

In many cases strongly locdized, in the plane perpendicular to the magnetic filed lines, plasma
pressure inhomogeneities emerge in tokamaks. The examples of such cases are the plasma
blobsin the scrape-off-layer (SOL) [1-8], pellet clouds [9, 10], ELMs [11, 12]. Even though &
first glance they look very different, they al exhibit more convective rather than diffusive radial
transport of a plasma. Similar features of convective crossfield plasma transport toward the wall
were observed aso in stellarators [13] and linear plasmadevices[14, 15].

Rather detailed experimental study of these phenomena shows striking similarities
between them. For example, the tempora profiles of ion saturation currents in plasma blobs,
measured by probes, in tokamak SOL [1] and in the shadows of linear devices [15] look
virtualy the same. Another example is the smilarities in probe measurements of plasma blobs
in both L- and H-modes and ELMs, athough of rdatively smal amplitudes which do not
damage the probe, [11].

In this paper we suggest that rather smple two-dimensiona (2D) models can describe
many essentials of blobs, small ELMs, and pellet clouds dynamics. The main ingredient of these
models based on an ideal magnetohydrodynamics (MHD) is the effective plasma gravity caused
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by magnetic curvature, centrifugal or friction forces effects. As a result, the equations governing
plasma transport in blobs, small ELMs, and pellet clouds appear to be rather smilar to those
used to describe nonlinear evolution of the Rayleigh-Taylor instability [16]. Therefore, it is not
surprising that al these plasma physics phenomena have many similar features.

The paper is organized as follows. In Section 2 we review the equations describing blob
dynamics in the far SOL [6] and in the shadows of linear devices [17], as wdl as discuss the
results of both analytic and numerical solution of these equations [6, 18]. In Section 3 we derive
equations describing blob dynamicsin the vicinity of the separatrix to account for the effects of
cross-field conductivity [19] caused by a strong shear of the magnetic field near the X-point
[20]. Based on these equations we are also presenting the estimates of the blob radia velocity
in the region close to separatrix. In Section 4 we discuss the equations; which can be used to
model main features of the dynamics of blobs with large plasma beta and show their similarity
to studies of evolution of pellet clouds [9, 10]. We aso present some results of numerical
modeling of these equations. In Section 5 we discuss the materia presented in previous
Sectionsin the contex of the studies of nonlinear evolution of RT instability and summarize our
main conclusions.

2. Blob dynamicsin far SOL of tokamak and shadow of linear device

In order to explain experimental results [21] of fast radial transport of plasma through the SOL
of main chamber asimple 2D model was suggested in [6]. The main idea of this mode can be
described as follows. Time to time, due to some nonlinear processes, the plasma blobs
(filaments, extended a ong the magnetic field lines and seen on visua diagnostics [3] as a blob)
are peded off from the bulk plasma and move radialy through the SOL toward the wal with
high speed due to VB plasma polarization and corresponding ExB drift. The plasma density in
the blob is much higher that ambient plasma density in far SOL and comparable to that of the
bulk plasma in the vicinity of the saparatrix. Therefore, even though blobs are peded off the
bulk not often, their contributions to plasma energy and particle transport in far SOL can be
dominant. In linear devices the role of VB in plasma polarization can be played by centrifugal
force or neutral wind effects [17]. We notice that this physical picture of dominant role of blobs
in plasmatransport in tokamak far SOL and the shadows of linear devises was later supported
by experimental observationsin both tokamaks and linear devices.

To describe blob dynamicsin tokamak far SOL we use quasi-slab approximation of the
outer side of the torus, with x and y coordinates being radial and poloidal directions and straight
magnetic field lines intersecting materia surfaces situated at distance L (with the subscript
“c” standing for “connection”) from each other (see Fig. 1). We assume cold ions and fixed
electron temperature (Tg) which is uniform and constant in time. Then in eectrostatic
approximation from electron and ion momentum balance equationsand V - j = 0, where | is the
electric current, we find
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where R isthe tokamak major radius, n is the plasma dendity, B «1/R is the toroida magnetic
field strength, Q; is the ion-cyclotron frequency, c is the light speed, ¢ =ep/Tg, € is the
edementary charge, ¢ is the electrostatic potentia, d(...)/dt=4(...)/dt+ugg-V(...),
Ugxg =C(B xV(p)/BZ, j| isthe parallel current.

Assuming low plasma volumetric resistivity and constant plasma density along the
magnetic field lines we integrate the equation (1) along parallel coordinate and fine
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M and m aretheion and electron masses respectively, Cg = (Te/M)ll2

, Sy = =1 depending on
the orientation of the wal with respect to the coordinate frame, ¢,, is the potential of the wall
(here we assume ¢, =const.). For reatively small fluctuating part of eectrostatic potentia,

|¢ [<1, from (3) we have j(wall) = o enCg¢. Substituting this expression in (2) we find
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where pg = C5/R;. Eq (4) with the continuity equation
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govern blob dynamics in far SOL region (the term in right hand side of Eq. (5) describes
plasma leakage to material surface along the magnetic field lines).

In the absence of ambient plasmathe equations (4), (5) alow the solution in the form of
traveling wave (blob) [6],

n(x,y,t) = Np(X = Vpt) exp _(%
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where ny(x) isan arbitrary function, 8y, isthe effective poloidal width of the blob, and
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isthe velocity of theblob. For Tg ~30eV,B~2T, 3, ~1cm, L ~gR, where q is the safety

factor (~3), from Eq. (7) we find Vy ~10° cm/s, which is close to the experimental
observations [1-5].

In the case of linear devices, where there are no magnetic field curvature effects, plasma
polarization can be due to centrifugal force or neutral wind. The later one is related to
asymmetry in neutrals distribution function [17]. The neutrals coming to the wal from plasma
side experienced some plasma-neutral interactions. Therefore, they are hotter than the neutrals
coming from the wall. As aresult of this asymmetry, in the shadow regions of linear devices
there is neutral-ion friction force (neutral wind) even though neutral particle flux is negligibly
small. In asense, neutral wind is an extension of thermal force to the semi-collisional situation.

Taking neutral wind effects into account, the analog of Eq. (4) can be written asfollows

PsV1 {n at }"'Csnpolara_y:L—csn(b’ (8)

where Mpojar ~ Vin /€2j is the plasma polarization factor and vjy is the ion-neutral collision
frequency. Notice that with replacement Mpojar ~ Vin/€2j ON Npglar = 2ps/R the equations (4)
and (8) arevirtualy the same. It explains the similarities of blobsin tokamak SOL and shadows
in linear devices seen in experiments.

Study of blob dynamics governed by Eq. (8) and (5) shows [18] that the blobs with
crossfield scale
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(we assume herethat 8y, = dy ~dy) are very stable structurally and propagate redialy on large

distance keeping its shape intact. Blobs bigger than 0., are the subjects of the RT instability,
which splits them in a few smaller ones. Blobs smaller than 9§, are quickly transformed into

mushroom shape with thin front like structures [8] and their further evolution is sensitive even
to weak plasmadiffusion.

3. Blob dynamicsin the vicinity of separatrix

In previous section we analyzed blob dynamics in tokamak far SOL where magnetic field lines
have avery smple geometry. However, blobs are peeled off from bulk plasma in the vicinity of
the separatrix (in diverted tokamaks). To describe blob dynamics there we need to account for
geometrical effects of a strong shear of the magnetic field near the X-point. In [20] it was
shown that magnetic shear in the vicinity of X-point results in dramatic squeezing of magnetic
flux tubes. Fig. 2 shows this schematically schematically. The shadowed regions represent the
same flux tube when it passes near the x-point, from the position 1 in the main SOL, to position
3 in the divertor leg. Due to a very strong squeezing of the tube in the vicinity of X-point, its



minimal width for standard tokamak conditions decreases from ~1 ¢cm around the mid-plane to
less than theion gyro-radius close to X-point [20]. As aresult, the effects of finite cross-field
resistivity, otherwise small, are strongly magnified [19, 22] and play an important role.

In order to incorporate these effects into our simplified physical picture of blob
dynamics we will use a heuristic model developed in [19]. The essence of this modd is the
substitution of exact solution of penetration of the electrostatic potentia into X-point region by
an effective boundary condition relating parallel current and potentia at the entrance to the X-
point region. To derive this relaion, we take into account squeezing of the flux tube we
introduce: @) squeezing function S(1) =~ exp(-l /L x ), where | is the length along the magnetic

field line and Ly is the effective squeezing length (usualy in current large tokamaks

L x ~1O3cm), and b) the effective wave number of the potentiad perturbation K(I)=k/(),
where k is the wave number a the entrance into the X-point region. Then, we baance
perpendicular, j, =-io K(l )¢, and pardldl, j=-0)(d¢/dl), currents via the V+j=0 equation,

8%p/1 2 = ~(0, lopKZ(1)p, where 0, = 0eve [(4nQ8) and o) = wpe/(4nve) (notation is

standard). Asaresult, we find arelation between parallel current and electrostatic potentid at the
entrance to the X-point region [19]

illentr = Oeft 1K 1@lgryy (10)

where ogf = Gw%e/(4nQe), and G is order unity phenomenological coefficient. Notice that

the squeezing of the magnetic flux tube occurs near the separatrix in both open and closed flux
surfaces and, therefore, the expression (10) can be applied at both sides from the separatrix.

We can use the relation (10) to close equation (1) after the integration aong the
magnetic field like as we did in Section 2, where magnetic field lines were going through the
wall and we used relation (3) to close Eqg. (2). For smplicity, we consider only a symmetric
double-null divertor, so that Eq. (10) should be applied at both ends of the flux tube (with the
obvious change of the sign). Then, approximating wave number of the blob at the entrance into
the X-point region as k ~1/8y, wefind

dt R dy Ly dp
where L, isthe parallel length of the blob. From Eq (11) we estimate radial velocity of the blob
2Cq ps Lp
Vp~—3-5-9, 12
b™G o R (12)

Thus we find that strong squeezing of magnetic flux tube in the vicinity of X-point do not
prohibit the blob radial motion. By taking into account effective X-point resistivity [19] we
describe blob motion in the vicinity of the separatrix in both closed and open magnetic flux
surfaces. Moreover, comparing the expressions (7) and (12) we see that close to the separatrix



Vp o ps/dp <<1, while in the far SOL Vy, oc(pslab)z. Therefore, it can explain experimental
observations [5] of higher blob velocity in the region close to the separatrix than in far SOL.

4. Dynamics of blobs with large beta

In previous sections we neglected an impact of blob on the structure of the magnetic field.
However, in case of large beta of blob plasma, By, such impact can be very important. In order
to address thisissue we estimate the perturbation of the magnetic field due to the blob mation in
atokamak. In this case, the plasma polarization current is balanced by parallel current dipole

: Ps Lp
~enC.—=—2, 13

which gives the following magnitude of radial perturbation of the magnetic field strength, By,

B
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Asaresult, the magnetic field line bendsin radial direction. Since bending of magnetic field like
propagates along B with the Alfven veocity Vp = B/ (4nnM)1/ 2 such quasi-steady sState

approximation of the magnetic field line structure can be considered if

V, ~ B L
_b<_r~|3b_b. (15)
Vo, B R

Then, taking into account expressions (7) and (12) for blob veocity, we find from inequality
(15):

. L
Vy, < CsBE Zﬁb. (16)

However, a reletively large By, bending of the magnetic field lines becomes so strong
that the magnetic field line would “touch” first wal without even going through the meteria
surfaces of divertor targets or limiters (see Fig. 3). Taking into account expression (14) from
Fig. 3 one sees that such situation occurs for

~ RA
Pb > Perit ~L—2W’ (17)

c

whereweassume L, =L ¢, A, isthe distance from last closed flux surface to the first wall. In
order to describe the evolution of blobs with By > B¢ within the framework of smple 2D
model, we use the approach adopted in the studies of the dynamics of pdlet clouds [9, 10].
Introducing the vector potential A and taking into account that the bending of magnetic field

propagates along the field line with Alfven speed, from relation E = -V p - c‘laA”/at =0 we
find @ = (Va /c)A and, correspondingly,
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Substituting (18) in (2) we have

qt - nambpsvjz_q) , (19)
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where the Alfven velocity is caculated with the density of ambient plasma ngp=const. The
equation (19) isjust the same as the equation describing the evolution of pellet cloudsin [9, 10].
The results of numerical solution of Eq. (19) are shown in Fig. 4 (R=175 cm, L}, = 4000 cm,

ps=0.06cm Vp = 4x10% cm/s, Cs= 3x10° cm/s). We see that the seeded blob moves in
the radia direction and ssmultaneoudly changes the shape from circular to mushroom shape.
Similar results were also reported in [9)].

4. Discussions

Thus we find that the blob dynamics in edge plasmas can be described with rather smilar
equations (8), (11), and (19), depending on plasma conditions and geometry. In some sense
these equations are similar to the Boussinesq approximation of 2D thermal convection (related
to the Rayleigh-Taylor ingtability of a stratified medium)

T
dtVEwg@wvjw, d; T =0, (20)

where T isthe temperature, g isthe effective gravity acceleration, u=e, x Vy is the velocity, u

isthe effective viscosity. However, “dissipative’ termsin right hand side of the blob equations
are different than in (20). In case where dissipation is not important we see that mushroom
shape of originally circular blob develops (see for example Ref. [8, 18]) similar to the typica

mushrooms shapesin the dynamics of the Rayleigh-Taylor instability [16]. But, “dissipative”

terms can bring structural stability of blobs when they propagate on large distance as a
coherent structure [6, 8, 18].

We also find that that dynamics of blobs with high beta can be described by the same
equations as the evolution of pdlet clouds [9, 10]. As a matter of fact, this is not surprising
since in both cases we consider the evolution of plasma structures with the pressure; which
significantly exceeds the pressure of a surrounding tokamak plasma. Therefore, this may be a
reasonable mode for the studies of nonlinear dynamics of large pressure perturbations of
relatively small spatial scale when perturbations can be treated like isolated filaments. One of
the examples of such process can be ELM of asmall amplitude, when tokamak edge plasma is
not perturbed too much, and isolated feastures of ELM structure are clearly seen in the
experiment [5, 11].
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Fig. 1. Schematic view of the SOL region.
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Fig. 2. Evolution of the cross-section of magnetic flux tube in the vicinity of separatrix
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Fig. 3. Strong bending of magnetic field line causes touch of first wall without intersection of
limiters.
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Fig. 4. Density contours of blob.
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